Cell-sized liposomes and droplets coated with lipid layers have been used as platforms for understanding live cells, constructing artificial cells, and implementing functional biomedical tools such as biosensing platforms and drug delivery systems. However, these systems are very fragile, which results from the absence of cytoskeletons in these systems. Here, we construct an artificial cytoskeleton using DNA nanostructures. The designed DNA oligomers form a Y-shaped nanostructure and connect to each other with their complementary sticky ends to form networks. To undercoat lipid membranes with this DNA network, we used cationic lipids that attract negatively charged DNA. By encapsulating the DNA into the droplets, we successfully created a DNA shell underneath the membrane. The DNA shells increased interfacial tension, elastic modulus, and shear modulus of the droplet surface, consequently stabilizing the lipid droplets. Such drastic changes in stability were detected only when the DNA shell was in the gel phase. Furthermore, we demonstrate that liposomes with the DNA gel shell are substantially tolerant against outer osmotic shock. These results clearly show the DNA gel shell is a stabilizer of the lipid membrane akin to the cytoskeleton in live cells.
Cell-sized liposomes and droplets coated with lipid layers have been used as platforms for understanding live cells, constructing artificial cells, and implementing functional biomedical tools such as biosensing platforms and drug delivery systems. However, these systems are very fragile, which results from the absence of cytoskeletons in these systems. Here, we construct an artificial cytoskeleton using DNA nanostructures. The designed DNA oligomers form a Y-shaped nanostructure and connect to each other with their complementary sticky ends to form networks. To undercoat lipid membranes with this DNA network, we used cationic lipids that attract negatively charged DNA. By encapsulating the DNA into the droplets, we successfully created a DNA shell underneath the membrane. The DNA shells increased interfacial tension, elastic modulus, and shear modulus of the droplet surface, consequently stabilizing the lipid droplets. Such drastic changes in stability were detected only when the DNA shell was in the gel phase. Furthermore, we demonstrate that liposomes with the DNA gel shell are substantially tolerant against outer osmotic shock. These results clearly show the DNA gel shell is a stabilizer of the lipid membrane akin to the cytoskeleton in live cells.
cytoskeleton | self-assembly | DNA gel | lipid droplet | liposome L iposomes have been used as artificial cell models to understand cell shape, membrane protein function, and lipid− protein interaction, among other biological functions (1) (2) (3) . In addition, liposomes have been used as a platform for biosensing and as drug delivery systems (DDS) because of their excellent biocompatibility and biodegradability (4) . However, liposomes collapse easily against environmental shifts and mechanical forces because of their low bending modulus. The fragility of liposomes causes uncontrolled leakage of the entrapped compounds and thus inhibits their use in biomedical applications and artificial cells experiments.
In contrast, cell membranes are tolerant against environmental shifts and mechanical forces. The stability of cell membrane arises from the cytoskeleton underneath the membrane. The major component of cytoskeletons is actin (5) . Actin gels show high elasticity (6) , which ensures the stability of cell membranes against various forces. For liposomes, the use of actin filaments as a cytoskeleton is not an optimal strategy for the following three reasons: First, although actin bundles and actomyosin rings have been reconstituted in artificial cells (7, 8) , formation of an actin cortex underneath artificial membranes has been still challenging. Second, actin is hard to modify by chemical and genetic means because of its essentiality for cell growth. Third, the physicochemical properties of actin gels are still unclear (9, 10) . Hence, the cytoskeleton of liposomes should be constructed with defined and designable materials. To accomplish this aim, DNA nanotechnology, which uses limited components with high designability in a nanometer scale (11) , is a feasible candidate to construct cytoskeleton structures in artificial cells.
DNA nanostructures form three-or four-way junctions, connect with each other through their complementary sticky ends, and are reported to become gels by forming network structures (11) (12) (13) (14) . DNA gels have several advantages as the cytoskeleton of liposomes compared with other polymers: (i) the gelation temperature of DNA gels is easily controlled by changing the DNA sequences and nanostructures, (ii) the interaction between DNA gels and lipid membranes can be controlled because the negatively charged DNA has an attractive force with the positively charged membrane (15) , and (iii) DNA sequence is easily designed with computer software [such as Nucleic Acid Package (NUPACK) (16) and Cadnano (17) ] and easily chemically modified (11) .
Here, we implemented a DNA cytoskeleton by enforced localization of Y-shaped DNA nanostructures (hereafter referred to as Y-motif DNA) on lipid membranes using the attractive interaction between DNA and positively charged lipids. We succeeded in preparing droplets and liposomes that have a shelllike structure of self-assembled DNA underneath the membrane. The DNA shell in the gel phase increased the mechanical strength of the membrane, such as the interfacial tension of the droplet surface and the critical pressure where the droplets collapse. Therefore, the artificial cytoskeleton made from the DNA gel shell works to enhance the membrane stability akin to the cytoskeleton in cells.
Materials and Methods
Materials. To prepare the artificial cells, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC; Avanti Polar Lipids), positively charged lipid 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) (chloride salt; Avanti Polar Lipids) and mineral oil (Nacalai Tesque) were used to prepare artificial cells. We used a fluorescently labeled lipid, 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-PE) (ammonium salt; Avanti Polar Lipids) to visualize the lipid membrane. We designed DNA oligomers that assemble to form nanostructures, both with sticky ends Significance Although liposomes and lipid droplets have been used for numerous applications, the fragility of the lipid membrane causes an unintentional collapse, which is problematic for advanced applications. To solve this problem, we constructed an artificial cytoskeleton with DNA nanotechnology (a DNA cytoskeleton). The DNA cytoskeleton is a DNA network formed underneath the membrane of positively charged lipids through electrostatic interactions without the need for special handling. The DNA cytoskeleton significantly improves mechanical stability and, therefore, confers tolerance against osmotic shock to liposomes like the cytoskeleton in live cells. Because of its biocompatibility and the easiness of implementing design changes, the DNA cytoskeleton could become a tool for great stabilizer of liposomes and lipid droplets.
(G1 to G3) and without sticky ends (S1 to S3) (Fig. 1A) , and obtained them as lyophilized powders (salt-free grade purification; Eurofins Genomics). To visualize DNA with sticky ends (G1 to G3), we replaced 1/120 of G3 with 6-carboxy-fluorescein (FAM)-labeled DNA G3, where the FAM was attached to the 3′ end of G3. In the case of DNA without sticky ends (S1 to S3), we mixed the oligomers with double-stranded DNA (dsDNA)-binding dye SYBRGreen I (Takara Bio), diluted with distilled water to 1:30,000. The designed DNA nanostructures were dissolved in distilled water to a concentration of 2 mM and stored at −20°C until use. All materials were used without further purification.
Hybridization of DNA in Bulk. DNA oligomers were dissolved in a buffer [20 mM Tris·HCl (pH 8.0) and 350 mM NaCl] at room temperature (∼20°C). Equimolar solutions of DNA were mixed with dyes (1/120 of total oligodeoxynucleotide amount) to an approximate concentration of 18 μM. After heating at 80°C for 10 min, the DNA solution was gradually cooled to 10°C at a rate of 0.01°C/s using a thermal cycler (T-Gradient; Biometra). The hybridized DNA with sticky ends (G1−G3) has two melting points; G1 to G3 forms a Y motif below T m1 , and the Y-motif units form duplexes at T m2 (Fig. 1B) . On the other hand, DNA without sticky ends (S1 to S3) has only one melting point at T m1 . In other words, DNA S1−S3 cannot form a network structure like DNA G1 to G3. The melting temperatures were estimated to be T m1 = 69°C and T m2 = 49°C, according to previous reports (18) .
Preparation of Droplets and Liposomes. Microdroplets covered with a lipid layer were prepared as reported previously (1, 19) . Briefly, dry lipid films with Rh-PE (0.1 mol% of total lipid amount) were prepared on the bottom of a glass tube. These lipids were dissolved in mineral oil to a concentration of ∼2 mM by ultrasonication for 90 min using a sonicator with an output power of 90 W (Branson). The solution of hybridized DNA (i.e., DNA microspheres of G1 to G3 or DNA solution of S1 to S3) was dispersed in the lipids-in-oil (∼1/30 of total volume) by pipetting to prepare droplets covered with a lipid layer. An aliquot containing the droplet-encapsulated DNA was placed on a silicone-coated cover glass (Matsunami Glass) to prevent the droplets from sticking to the glass plate.
We used a droplet transfer method, as reported previously, to prepare the liposomes (20) (21) (22) . POPC in mineral oil at a concentration of ∼2 mM was used to form the outer membrane. The outer solution of the liposomes was the same as the inner buffer solution. These procedures allowed us to obtain relatively abundant and large liposomes. The liposome solution was poured between two glass plates with a 0.5-mm silicone spacer for observation.
Fluorescence Observation of Artificial Cells with DNA. Liposomes and droplets with DNA were observed by confocal laser scanning fluorescence microscopy (CLSM) (Olympus IX83 with FV1200; Olympus). Fluorescent images of Rh-PE and FAM, which were excited by a mercury lamp or a laser (488 nm and 473 nm for DNA and lipid membrane, respectively), were obtained using fluorescence filter sets (U-FGW and U-FBNA for mercury lamp; 530 nm to 550 nm and 470 nm to 495 nm for laser; Olympus). The pinhole size was fixed to be ∼1 μm. The obtained images were analyzed by National Institutes of Health Image J software. We evaluated the fluidity of DNA assemblies with fluorescence recovery after photobleaching (FRAP) experiments using CLSM. After photobleaching (bleach radius 1 μm to 3 μm, bleach time 1 s to 2 s for DNA and 10 min for lipid, laser power 100%), fluorescence recovery was recorded according to the manufacturer's instructions (frame rate, 120 frame/s) and analyzed to determine the diffusion constant D by using software (Diffusion measurement package; Olympus) based on a 2D diffusion equation, described by Axelrod et al. (23) .
Micropipette Aspiration of Artificial Cells. To investigate how the DNA gel, underneath the artificial cell membrane, affects the mechanical properties of the membrane, we aspirated the droplets with the DNA by using a micropipette manipulator system (MMO-202ND and MN-4; Narishige) and microinjector (IM-11-2; Narishige) with a differential pressure transducer (DP15; Validyne), which was equipped with a microscope (Axiovert 40CFL; Carl Zeiss). We prepared glass micropipettes with the inner diameter of the tip being ∼5 μm by pulling glass capillaries (inner diameter 0.5 mm, GC-1; Narishige) with a puller (PC-10; Narishige) and a microforge (MF-900; Narishige).
Results and Discussion
Spontaneous Formation of DNA Spheres in Bulk. As a material for the artificial cytoskeleton, we designed three sequences of DNA oligomers that assemble to form a Y motif. To ensure the flexibility for efficient Y-motif formation, TT sequences without hybridization pairs were inserted at the center of the Y motif (Fig. 1) . We designed Y-motif DNA to have sticky ends to connect with each other to form a gel-like network structure.
Before preparing DNA gel network inside artificial cells, we observed the hybridization of Y-motif DNAs in a bulk solution by using CLSM. Fig. 2A shows a typical CLSM image of hybridized Y-motif DNA with sticky ends (sequences G1 to G3). Similar to previous reports (14) , micrometer-sized fluorescent spheres were observed. Because the fluorescence dye (SYBRGreen I) binds dsDNA, the green fluorescence indicates that the microspheres incorporated dsDNA structure. The distribution of the average diameter (d) from the binarized image (Fig.  2B) shows the average size is 3.1 μm. In testing hybridized DNA without sticky ends (sequences S1 to S3), no microspheres were observed (Fig. 2C) .
DNA Shell in DOTAP Droplets. To localize DNA structures near lipid membranes, we used electrostatic interactions between negatively charged DNA and the positively charged lipid DOTAP. 
APPLIED PHYSICAL SCIENCES
First, we encapsulated the solution of the hybridized sticky-end DNA into droplets coated with a DOTAP monolayer. Fig. 3A shows a typical cross-section image of the DOTAP droplet, where the DOTAP membrane and DNA are shown in red and green, respectively. Intensity profiles demonstrate that the DNA microspheres spontaneously accumulated near the DOTAP membrane to cover the interior surface of the droplet like a shell (DNA shell). The DNA shell had a homogeneous thickness of ∼1 μm, which is smaller than the diameter of the DNA microspheres in bulk (∼3 μm, Fig. 2B ). We found the thickness of DNA microspheres deposited on the DOTAP membrane to be 1 μm to 2 μm, analyzed by atomic force microscopy (AFM) (Fig. S1 and Topology and Elasticity of DNA Microgels on Lipid Membrane). This value is similar to the thickness of DNA shell (∼1 μm). If the accumulation of the DNA microspheres is due to electrostatic interaction with the DOTAP membrane rather than the DNA gelation, Y-motif DNAs without sticky ends (S1 to S3) should also accumulate on the membrane. In fact, the sticky-end-less DNA accumulation was observed, although the level was lower than that observed when using DNA microspheres with sticky ends (Fig. 3A) . This difference may result from the fact that high concentrations of DNA molecules have a large entropy and that DNA molecules diffusing in the center of the lipid droplet are not influenced by the membrane. This DNA shell was not observed for droplets covered with a zwitterionic PC membrane (Fig. 3C) , which is moderately negatively charged in this buffer condition (24) . The DNA microspheres formed inside the droplet, not on its surface (Fig. 3C) . These results strongly suggest that the electrostatic interaction between the DNA microspheres and the lipid membrane is useful to construct the DNA shell structure inside the droplet covered with the lipid layer.
To confirm adhesion among microgels on the DOTAP membrane, we analyzed the size of the collected DNA shells by centrifugation after droplet rapture ( Fig. S2 and Collection of DNA Shells from Droplets). The collected shells had a larger size than the initial DNA microspheres in bulk, ∼3 μm. Therefore, we concluded that the encapsulated DNA microspheres fused with one another and spread out on the DOTAP membrane (Figs. S1 and S2).
Fluidity of DNA Shell in DOTAP Droplets. The thin structure of the DNA shell in DOTAP droplets raises concerns that the DNA shell is not in gel phase. To test this possibility, we performed FRAP experiments to analyze the fluidity of the assembled DNA and membrane lipids. In the case of sticky-end DNA shell, the fluorescence intensity did not recover 10 min after photobleaching (Fig. 4A, Left) , indicating that fluidity of the DNA shell was extremely low. Therefore, we concluded that the DNA shell was in gel phase. However, the fluorescence intensity of membrane lipids was recovered soon after the photobleaching, and the estimated diffusion constant (D) was on the order of 10 μm 2 /s (Fig. 4A, Right) . This diffusion coefficient is comparable to that of lipids without DNA, as reported previously (25, 26) .
FRAP experiments for the DNA without sticky ends support the gel structure of the DNA shell originated from the sticky-end arrangement (Fig. 4B) . The fluorescent intensity of the DNA without sticky ends recovered soon after photobleaching, indicating that the sticky-end-less DNA was not in gel phase. The estimated D of the DNA without sticky ends was on the order of 1 μm 2 /s (Fig. 4B, Left) . The D of lipids of the droplets did not depend on whether the DNA is in gel phase or not (Fig. 4B,  Right) , suggesting that the DNA molecules without sticky ends are just localized at the membrane. Taken together, the observed slow fluidity of the DNA gel shell likely originates from the DNA gel shell structure via adhesion at the sticky ends, and the encapsulated DNA microspheres may connect to each other on the membrane. In addition, similar to the cytoskeleton, the DNA gel shell does not impede lipid diffusion.
Micropipette Aspiration of the Droplets with DNA. We showed that the DNA microspheres spontaneously form shell structure in gel phase at the interior surface of DOTAP droplets. To investigate the degree to which the DNA shell mechanically stabilizes the lipid membrane, interfacial tension at the droplet surface was evaluated by micropipette aspiration (27) (28) (29) . As illustrated in Fig. 5A , a spherical droplet with a radius R 0 (∼30 μm to 50 μm) was aspirated into the micropipette with a radius R p (∼2.5 μm, R p << R 0 ) under an aspiration pressure (ΔP). When the aspiration length (ΔL) is small enough (ΔL/R p < 5), the ΔL/R p increases linearly with ΔP (Fig. 5B) . Above a critical pressure (ΔP*), the droplet collapses and flows into the micropipette. The value of ΔP* for droplets with sticky-end DNA shell was greater than 10 kPa, which was much higher than that of droplets with sticky-end-less DNA and droplets without DNA, which were less than 0.2 kPa. Under the condition ΔL/R p = 1, the surface tension (γ) of the droplet is derived from the Young−Laplace law,
where R is radius of the droplet. The surface tension of droplets with the DNA gel shell (γ G ) was 4 ± 2 mN/m, which was about 4 times greater than that of droplets with sticky-end-less DNA in the sol phase (S1 to S3) (γ S = 1 ± 0.5 mN/m), and of droplets without DNA (γ 0 = 1 ± 0.7 mN/m). A control experiment showed that the effect of DOTAP adsorption on the glass capillary was negligible for the measurement. The values of γ S and γ 0 were similar to the values of PC droplets without DNA measured by the Wilhelmy plate method (19) and the micropipette aspiration method (27) . These values are summarized in Table 1 . Accordingly, we derived the shear modulus (μ) and the area expansion modulus (dilation elasticity, κ) based on the following equations (30, 31) under the condition of 1 < ΔL/R p < 5 (linear response region in Fig. 5B ), respectively:
where A 0 is the initial surface area of spherical droplets with R 0 , and ΔA is the increase in surface area from the aspiration. The obtained κ values and μ values of droplets with the DNA gel shell were higher than those of droplets with sticky-end-less DNA in sol phase and without DNA, as summarized in Table 1 . These results mean that the DNA shell mechanically supports the lipid membrane. In addition, the ratio κ/μ is much greater than 1, which means that the DNA gel shell droplets easily deform with shearing force, but are not likely to change surface area.
Stability of Liposomes with the DNA Gel Shells. By using the droplet transfer method, we created liposomes with a DNA gel shell. Zwitterionic PC lipid was used for the outer leaflet of the liposome because positively charged DOTAP strongly adsorbs on glass (15) . Fig. 6A clearly shows successfully prepared asymmetric liposome with the DNA gel shells (green), because the fluorescent-labeled lipids were only contained in the PC layer, that is, the outer membrane was maintained. To analyze stability of the liposomes with the DNA gel shell, an osmotic stress was applied by addition of hypertonic sorbitol as an osmolyte. The hypertonic treatment resulted in collapse of almost all liposomes containing sticky-end-less DNA or without DNA (Fig. 6B , center and right). However, most liposomes with DNA gel shell survived and retained their spherical shapes after the hypertonic treatment (Fig. 6B, left) . In addition, the DNase did not penetrate the membrane (Fig. S3) , suggesting that the liposome membrane is sufficiently stable to isolate its inner solution from the surrounding solution. When a much higher concentration of sorbitol was added (2 times higher pressure), micrometer-sized pores appeared on the liposome membrane and on the DNA shell at the same position (Fig. 6C) . The pores maintained their size, and the membrane did not rupture. This result suggests that the liposome membrane and the DNA shell are strongly bound to each other, as illustrated in Fig. 6C , Far Right. In general, osmotically stressed liposomes cause strong fluctuations in the membrane and result in membrane rupture (32) . Encapsulation of polymer gels inside the liposomes prevents membrane rapture, but results in liposome shrinkage and inhibits release of the encapsulated materials (33) . These results strongly suggest that the DNA shell stabilizes liposomes. Therefore, the presence of the DNA gel shell underneath the liposomal membrane mechanically strengthens the membrane structure and prevents the membrane rupture, similar to the cytoskeleton in live cells.
To compare the mechanical strength of the DNA shell with that of polymer gels and with that of cells with elastic modulus ranging from 100 Pa to 10 kPa (34), we measured the elasticity of DNA microgels deposited on the DOTAP membrane by AFM (Fig.  S1C) . The average elasticity of the gels was 155 ± 28 kPa (average ± SE; n = 7). This degree of elasticity is comparable to that of 10 wt% polyacrylamide (35, 36) and 2 mol/L agarose (37) gels. 
flowed into the pipette. Experimentally, the value of ΔL c was ∼7.5 μm for droplets with R = 20 μm. We assume that a part of DNA gel shell collapsed into Y-motif DNA by detaching the sticky ends. In other words, an increase in the interfacial energy of the DNA cytoskeleton with increasing surface area (ΔE DNA ) is hypothesized to be equal to enthalpy of the sticky ends of the collapsed DNA shell (ΔH DNA ), that is, ΔE DNA = ΔH DNA . When the droplets aspirate into the micropipette with the aspirated length ΔL c (as illustrated in Fig. 5A ), the interfacial energy of DNA shell increases according to the equation
where γ G and γ 0 are interfacial tensions of droplets with and without DNA, respectively, and γ G = 4 mN/m and γ 0 = 1 mN/m. The increase in the interfacial energy (ΔE DNA ) was estimated to be 3.5 × 10 ─13 J from the experimentally obtained values R p = 2.5 μm and ΔL c = 7.5 μm. The basic structure of the DNA gel network is a six-member ring (Fig. 7) . Therefore, one DNA ring would collapse with energy equal to triple the enthalpy of the sticky end, that is, 3ΔH sticky end . When a number (N ring ) of DNA rings collapse into the Y motif, the total enthalpy of the DNA rings is expressed as ΔH DNA = 3N ring ΔH sticky end .
From a previous study (18) , the ΔH sticky end is reported to be 12 × 10 ─19 J. When the ΔE DNA was equal to the ΔH DNA , the number of DNA rings (N ring ) would be 2.5 × 10 5 .
To test the validity of these calculations based on the estimated number of DNA rings, we derived the number of DNA rings (N ring ) geometrically from a slide of the DNA ring, a = 14.28 nm (G1 to G3 are 42 base pairs) and diameter of the dsDNA, h = 2 nm. The minimum volume of the DNA rings occupied (V ring ) for N ring = 10 5 is estimated as
Because the thickness of DNA shell (d) was ∼1 μm (Fig. 3A) , the increased ΔE DNA can collapse a part of the DNA gel network with an area of 0.4 μm
If energy is used not only to collapse the double helical structure of DNA but also to resolve the entanglement and the electrostatic interaction among DNA rings, the size of the collapsed area will be smaller. In other words, the appearance of such a small pore on the DNA gel network might lead the droplet flow into the pipette above the critical length (ΔL c ). This phenomenon corresponds to the fact that the DNA shell has a small shear modulus (μ) and a large area expansion modulus (κ), i.e., κ/μ >> 1 (Table 1) , which is similar to cells with cytoskeletons, such as red blood cells and white cells (30, 31, 38) .
Conclusion
We successfully prepared cell-sized liposomes and lipid droplets with an artificial cytoskeleton by using DNA nanostructures. The DNA oligomers formed Y motifs and connected to each other with their sticky ends to form network structure in gel phase. The hybridized DNA formed microsphere gels in bulk. By encapsulating the DNA microgels into droplets coated by a cationic lipid membrane, DNA spontaneously formed a shell structure underneath the membrane via electrostatic interactions. The DNA gel network increased interfacial tension and area expansion modulus of the droplet surface to a degree similar to the enthalpy of the sticky ends of the DNA. Such drastic changes were detected only with DNA skeletons in the gel phase. Furthermore, we demonstrate that liposomes with the DNA skeleton are substantially stabilized and tolerant against osmotic stress. These results clearly demonstrate that the DNA gel skeleton is a stabilizer of the artificial cells. Yang et al. (39) reported DNA nanorings as templates to prepare nanometer-sized liposomes inside. Meanwhile, our DNA cytoskeleton mechanically supported the micrometer-sized liposomes from the inside. Thus, our method will contribute to the extension of DNA−liposome hybrid systems.
The DNA gel network structures on inner membranes show highly similar traits to cytoskeletons of live cells. Thus, the DNA gel shell can be characterized as a cytoskeleton for artificial cells, including liposomes and lipid droplets. The use of a DNA cytoskeleton has many remarkable merits. (i) DNA has excellent biocompatibility and biodegradability, which is important for DDS. We confirmed that the DNA gels have little effect on viability of living cells (Fig. S4 and Biocompatibility), and that they are degradable by the addition of DNase solution (Fig. S2C ). In addition, previous studies reported that DOTAP also do not show harmful effects on live cells (40) (41) (42) .
(ii) The DNA nanostructure is easy to assemble and dissemble by temperature changes and illumination via DNA sequence design (43) . (iii) The mechanical properties of DNA gels are also controllable via DNA sequence design by changing the number and length of arms (sticky ends) in DNA gels (11) , which is difficult to achieve with biopolymer gels. (iv) DNA has versatile potential by combining logic gates (44) , actuators (45) , and switches (46) , which may also be applicable for our artificial cell systems.
(v) Because DNA gels are not crystallized, as reported by Rovigatti et al. (47) , the DNA gels can rearrange their structures in response to their surrounding circumstances. Furthermore, our proposed liposomes with DNA cytoskeletons are much closer to the living cells compared with the conventional liposomes without skeletal structures. Therefore, liposomes with a DNA cytoskeleton have the potential to become an ideal platform to understand how cells regulate their shapes with cytoskeleton from physicochemical point of view.
